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A humidity-responsive blue phase liquid crystal polymer film (alkalized-acrylic-BP) based on an
interpenetrating polymer system has been fabricated. The nanostructure of the blue phase liquid crystal
polymer was manipulated via interpenetrating networks (IPNs) by sequential synthesis into a humidity-
sensitive acrylic acid, which exhibited sensitive response behavior to changes in humidity. The moisture
response ability of the film was investigated by examining various influencing factors, while

Received 30th October 2023, characterizing the color and shape changes induced by humidity. A comparison was made between the

Accepted 5th January 2024 micromorphology differences of blue phase and cholesteric phase samples, as well as the reflectance
DOI: 10.1039/d3ma00931a changes influenced by humidity. The film exhibits not only humidity-induced color changes, but also
demonstrates excellent deformation response performance, thereby showcasing its potential for

rsc.li/materials-advances advanced applications such as sensors, displays, and anti-counterfeiting.
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1. Introduction

Due to its unique structural composition, liquid crystal materials
possess the ability to react to a diverse range of external stimuli
(such as temperature,' ™ electricity,”® light”® and organic gas® ).
Therefore, they are frequently utilized in the creation of
stimulus-response materials. Currently, cholesteric liquid crys-
tals (CLCs) are the most prevalent type of liquid crystal materi-
als that exhibit humidity-responsive behavior. Researchers
utilized the high sensitivity of hydrogen bond units to environ-
mental chemical stimuli and employed them as molecular
triggers in cholesteric liquid crystals® to fabricate heat-
exchanging reflective color films and optical sensors'®" to
respond to water and pH.'*" Yu et al. used water to achieve
a series of large complex non-contact motions, as well as dual-
mode actuation of UV light, through azobenzene containing
cross-linked liquid crystal polymer films without hydrophilic
groups.’® Stumpel et al. used a cholesteric liquid crystal net-
work interwoven with a polyacrylic acid network to obtain
patterned coating colors for static interpenetrating polymer
network regions with a humidity and pH response."”
Compared to conventional cholesteric liquid crystals with
one-dimensional nanostructures, blue phase liquid crystals
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(BPLCs) possess unique three-dimensional nanostructures that
endow them with several intriguing and advantageous properties,
including rapid response times, narrow photonic band gaps, and
the ability to avoid complex molecular arrangements.”*>* Many
researchers have explored the BPLC stimulus response.”***~° Hu
et al. designed a large number of hydrogen bond units and a high
proportion of polymerizable monomers to construct a self-
assembled three-dimensional nanostructure of BPLCSs and gen-
erate independent BPLCSs with humidity-responsive behavior.*'
Yang et al. designed a moisture-driven chromogenic photonic
polymer coating of a hydrogen-bonded 3D blue-phase liquid
crystal network which could achieve a moisture-driven reversible
color change in the visible spectrum upon breaking the hydrogen
bond and subsequent conversion to a hygrophilic polymer
coating.** However, due to the special structure of BPLCSs, their
chemical composition and composition ratio are greatly limited,
and usually exist in a narrow temperature range.'”****3> For
example, polymer networks,*® nanoparticles*® or curved core
molecules® may be used to stabilize their own morphology,
which greatly affects the fabrication of blue-phase liquid-crystal
stimulus response devices. At present, the response of blue-phase
liquid crystal materials to humidity stimulation is relatively
simple, which limits the application of blue-phase liquid crystal
polymers. Therefore, it is necessary to develop a variety of
humidity response forms, which can help improve the humidity
response performance of the blue phase.

The utilization of interpenetrating polymer networks (IPNs)
is prevalent in amalgamating the desired properties and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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augmenting the functionality of constituent polymers within a
given structure.®® In recent years, IPNs have been greatly developed
in various fields, such as biology,*>*° electrochemistry,*"*>
mechanics,* medical materials,** sensors,* etc. IPNs based on
liquid crystal polymer networks have been widely used in optical
sensing applications for the detection of light,*>*” temperature,*®
water,'®"” volatile organic compounds,* ions,*® etc. The IPN
structure can also be used to construct humidity-responsive poly-
mer systems, but the combination of blue-phase liquid crystal
polymers with IPNs has not been reported. Therefore, a humidity-
responsive blue phase liquid crystal polymer film (alkalized-acrylic-
BP) based on IPNs was designed in this paper. The hydrogen bond
units retained by the interlaced polyacrylic acid network in the film
were used as the trigger factor for the response behavior, which
was very sensitive to the external humidity change. The blue phase
structure in the film retained its liquid crystal state while success-
fully integrating the blue phase liquid crystal polymer and poly-
acrylic acid. Finally, the functional film exhibits deformability and
chromaticity changes in response to humidity signals, making it
suitable for non-contact electronic devices. This study sheds new
light on the integration of blue-phase liquid crystal materials with
hydrogels and expands the potential applications of blue-phase
liquid crystal polymers in electronic devices and sensors.

2. Results and discussion

2.1. Construction of blue phase liquid crystal films with a
humidity response in the IPN system.

The humidity response process of alkalized-acrylic-BP is different
from the previously reported humidity response process of blue
phase liquid crystals.**> The expansion of the IPN network is
driven by the sensitivity of the poly acrylic acid network to
external humidity, utilizing the mechanism of acrylic water
absorption and expansion. Consequently, this leads to an
increase in lattice spacing of the blue phase liquid crystal
polymer due to the expansion of both networks. The texture
color of the blue phase liquid crystal was consequently altered,
leading to a redshift in the reflection peak. During the dehydra-
tion process, water was lost from the poly acrylic acid network,
leading to a shrinkage of the IPN film and a consequent
reduction in lattice spacing. Consequently, a blue shift in reflec-
tion was observed. At the same time, the blue phase liquid crystal
network itself also has a good shape memory ability,”* which also
makes this process has good repeatability.

In order to prepare an IPN type humidity-responsive blue
phase liquid crystal film, an acrylic ester monomer, a cross-
linking agent, a chiral dopant, a photoinitiator and a nematic
liquid crystal HTG135200 with a single functional group are used
in this study. The specific molecular structure is shown in Fig. 1.
Specifically, HTG135200 acts as the liquid crystal body. RM257
and HCMO021 are used to form chemically cross-linked BP net-
works. HCMO006 also acts as a crosslinker and as a chiral additive,
inducing chiral nematic phases through its high helical torsional
ability. TMPTMA was added to stabilize the BP structure, and
I-651 was used to initiate the photopolymerization process and
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Fig. 1 (a) Molecular structure of the compounds used in this paper. (b)
Flowchart of the preparation of a humidity-responsive blue phase liquid
crystal film at each stage.

freeze the phase. The preparation procedure of the humidity-
responsive blue phase liquid crystal polymer film is illustrated in
Fig. 1b (HTG135200 = 30.0 wt%, RM257 = 15.0 wt%, HCMO006 =
6.0 wt%, TMPTMA = 1.5 wt%, and I-651 = 1.0 wt%).

In this formulation, the liquid crystal mixture is thoroughly
mixed and filled into a liquid crystal cell by capillary force at
60.0 °C. The sample is then heated to the isotropic phase and
carefully cooled at a rate of 0.05 °C min~ " to obtain the BP
phase. At a temperature 1.0 °C higher than the phase transition
temperature from BP to Ch, the PS-BP film is obtained by
irradiating the sample with 5.0 mW cm™? ultraviolet light
(365 nm) for 600 seconds. The thermal stability and tempera-
ture range of the samples before and after polymerization were
measured using a polarizing microscope (POM). The cooling
process of this component sample reveals a BP texture ranging
from 58.0 °C to 53.5 °C, as illustrated in Fig. S1 in the ESL{ The
phase transition temperatures for samples of other compo-
nents involved in subsequent experiments were determined
using the same method, as presented in Table 1.

The second step involves opening the liquid crystal cell,
immersing the PS-BP film in THF for a duration of 6 hours,
rinsing off the unreacted liquid crystal HTG135200, and sub-
sequently drying it to obtain soaked-BP. As can be observed
from Fig. 2a, due to the contraction of the crystal lattice®” after
washing off the liquid crystal, the reflection spectra of the film
moved from the original position at about 528 nm to about
425 nm compared to PS-BP and soaked-BP. The SEM image of
the PT-BP surface morphology also shows that there are some
holes on the surface of the film. The removal of HTG135200
was confirmed through infrared (FT-IR) spectroscopy analysis,
as depicted in Fig. 3. Specifically, the characteristic signal peak

Mater. Adv,, 2024, 5,1930-1939 | 1931
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Table 1 Table of experimental component contents

HTG135200 RM257 HCMO006 Wavelength shift BP

Sample (Wt%) (Wt%)  (Wt%) value (A4) range® (°C)
1 20.0 10.0 6.0 63.81 50.4-44.5
2 20.0 15.0 6.5 38.33 50.9-44.5
3 20.0 18.0 7.0 50.40 51.2-45.1
4 30.0 15.0 6.0 57.95 55.7-51.5
5 30.0 18.0 6.5 41.61 55.8-52.4
6 30.0 10.0 7.0 44.55 54.7-51.8
7 40.0 18.0 6.0 70.88 58.0-53.5
8 40.0 10.0 6.5 40.56 57.6-52.7
9 40.0 15.0 7.0 54.69 59.7-54.2

“ All of the phase transition temperatures were tested on cooling.
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—— Alkalized-arcylic-BP | |
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Fig. 2 (a) Reflection spectra of samples at different stages. (b) Picture of
the real products. (c) Comparison of the POM diagram and the SEM
diagram of the surface morphology of each sample.

at 2242 cm™ ' corresponding to the cyanide bond vanished

(Fig. 3a). By comparing the thermogravimetric curve of PS-BP
with that of soaked-BP, it was observed that the thermogravi-
metric curve of PS-BP exhibited a gradual decline starting at
253.65 °C. Subsequently, a plateau emerged in the curve,
indicating a loss in the mass fraction of approximately 30%.
Remarkably, this value precisely corresponds to the quantity of
HTG135200 present, thereby demonstrating the complete
removal of free small molecule liquid crystals through THF
washing and leaving behind only the polymer network.

In the third step, the entire soaked BP film is swelled with
PAA (AA:PEG-DA 600:1-651 = 98:1: 1 wt%) and irradiated with
2.5 mW cm 2 ultraviolet light (365 nm) at 60 °C for 600 seconds
to obtain Acrylic BP. Compared with soaked-BP, acrylic-BP pre-
sents a new peak at 492 nm. The texture of the entire film shown
in the POM image in Fig. 2c reveals two distinct regions,
attributed to the multi-domain nature of the blue phase lattice.
This phenomenon can be attributed to partial filling of the crystal
lattice by PAA, while other areas remain unfilled, resulting in the
appearance of two peaks. The lattice components are promi-
nently observable in the POM diagram of PS-BP and soaked-BP,
wherein the blue phase network undergoes expansion while the
pitch increases subsequently to acrylic penetration. Infrared
spectra show signals from 1800 to 1650 cm™ ', with strong peaks
indicating the presence of carboxylic acids (Fig. 3b). Through the
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Fig. 3 (a)-(c) Infrared spectra of samples at various stages. (d) and (e)

Thermogravimetric analysis of samples at various stages.

SEM map of the surface topography of soaked-BP shown in Fig. 2,
some substance embedding can be seen in some areas of the
sample surface before and after soaking acrylic, which is pre-
sumed to be PAA after IPN treatment. The combined data show
that IPN of the polyacrylic acid and polymer BPLC network has
been formed.

Finally, the BP film is immersed in a 0.1 mol L' KOH
solution to eliminate excess polyacrylic acid. Subsequently, the
film is detached from the glass substrate, leading to activation
of acrylic acid into acrylates and thereby enhancing the overall
humidity response of the film. Consequently, the alkalized-
acrylic-BP with excellent humidity sensitivity was obtained. Com-
pared to the reflection spectrum shown in Fig. 2a, the reflection
peak of the second alkalized acrylic-BP at 525 nm is attenuated
and exhibits a blue shift of 5-10 nm. This can be attributed to the
removal of excess acrylic acid, as confirmed by SEM analysis
revealing changes in the surface morphology of alkalized acrylic-
BP. The film’s surface roughness is significantly increased, lead-
ing to a substantial decrease in its reflectivity. It can also be
clearly seen from the POM diagram of alkalized acrylic-BP in
Fig. 2 that the whole blue texture has two parts, one of which is
blue texture. The blue texture’s main reflection peak is at about
425 nm, which we guess is due to the pure polymerizable
monomer and it cannot be swelled with PAA. In the other part,
due to the gap of HTG135200 after washing, it presents a green
texture after IPN treatment, and its reflection peak will move with
the change of external conditions. This feature is significantly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different from that of the CLC humidity responsive films reported
in previous literature.'”” In the infrared spectrum shown in
Fig. 3c, there are wide and scattered stretching vibration absorp-
tion peaks of ~OH in the range of 2500-3300 cm ', which
increase in intensity and decrease in width after alkalization.
Because the LC film containing acrylic acid contains a lot of
carboxylic acid, the signal saturation occurs in the range of 1800-
1650 cm ', After alkalization, the infrared signal is weakened,
and the signal appears at around 1538-1573 cm ™, indicating the
formation of carboxylate ions. A comparison of the thermogravi-
metric curves of alkalized acrylic-BP and soaked-BP is shown in
Fig. 3f, and the trend of the thermogravimetric curves of both is
similar. However, the alkalized acrylic-BP experiences a decrease
in temperature to 250 °C due to the influence of PAA. Conversely,
the TG curves of soaked-BP exhibit a decline at approximately
320 °C (Fig. 3e).

2.2. Influencing factors of humidity responsive blue phase
liquid crystal films in the IPN system

The factors influencing the humidity response of alkalized-
acrylic-BP films were studied by grouping the contents of
different components. The reflectance of the sample after add-
ing water was measured (Table 1 and Fig. 4). Both the change of
the reflectance of the sample (A4) and the average AA(K,gAA)
were analysed (the specific calculation and analysis process is
shown in S2, ESIt). By calculating the average K,z A/ values of
the levels under each factor, it was found that the reflectance of
the water-responsive film increases with the increase of the
RM257 content. This suggests a potential positive correlation
between the RM257 content and the average change in film
reflectance (K,wsAZJ). Subsequently, this conclusion has been
independently verified using experimental samples 8, 10, and 11
(Table 2 and Fig. 6), demonstrating an increase in the reflection
peak shift with higher RM257 content. The presence of RM257,
a bifunctional crosslinking agent, exerted a significant influence

1 [ —vctorcsonking .y 2 3 —— before soaking
T | eking for Smin 3 sy before soaking 3 — Soaking for § min
3 E —— soaking for § min i
s g T | ws
g g H o
H H H
£ g ]
£ H g
3 g 2
&
w Eg w 70 o r rm = o ) E o o0 "
Wavelength(nm) Wavelength(nm) Wavelength(nm)
4 before soaking 5 —_ befure sosking 6
= soaking for 5 min = — aakh " = — before soaking
H H soaking for S min i — soaking for 5 min
g g g
g - 2 g
E E g
g g g
g g g
g 3 g
& & &
w D o o0 W D o o0 " w En o 700 w0
Wavelength(nm) Wavelength(nm) Wavelength(nm)
7 wan — before soaking 9 — before soaking
'— before soaking : . 2
-~ o — soaking for Smin | = T goaki i
3 —— soaking for 5 min e 3 soaking for § min
G &
< 1
g ]
H H
H H
g <
S S
I~ 3

I e n 0 o aw F w0 700 w0 0 F o0 0 w00
Wavelength(nm) Wavelength(nm) ‘Wavelength(nm)

Fig. 4 Reflection spectra of the sample (1-9) under the influence of
humidity.
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Table 2 Table of experimental components in the verification group

Wavelength
HTG135200 RM257 HCMO006 shift value BP
Sample  (Wt%) (Wt%)  (wt%) (A%) range” (°C)
8 40.0 10.0 6.5 40.56 57.6-52.7
10 40.0 7.0 6.5 36.16 57.3-52.2
11 40.0 5.0 6.5 21.42 56.9-51.8

@ All of the phase transition temperatures were tested on cooling.

Kavg.AM(nm)
Kavg.AMnm)
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s
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Fig. 5 The variation trend of K,gAl with HTG135200, RM257 and
HCMO006 contents.

on the overall film’s quality in terms of its formation. The
impact of HCM006 and HTG135200 on the K,,; A/ value exhib-
ited a complex pattern, characterized by an initial decrease
followed by a subsequent increase (Fig. 5). Through analysis
of the experimental data, it has been determined that various
components of alkalized acrylic-BP exhibit humidity response,
thus demonstrating the feasibility of this approach. The alka-
lized acrylic-BP exhibited two distinct peaks, with the first peak
of samples 2, 5, and 8 closely appearing at a wavelength of
approximately 400 nm. However, samples 3, 6, and 9 only
displayed a single peak. It was speculated that the presence of
a high mass fraction of the chiral molecule HCM006 may account
for the observed only single peak for Samples 3, 6, and 9. The
original peak after washing occurs at wavelengths beyond the
measurement range of our instrument, specifically exceeding to
400 nm. Through the screening of the experimental data, within
the range of experimental data in this paper, we obtained an
optimal formula (sample 7 HTG135200 = 40.0 wt%, RM257 = 18.0
wt%, and HCMO006 = 6.0 wt%), and subsequent experiments were
carried out according to this formula.

2.3. Performance of blue phase liquid crystal films in the IPN
system

Based on the experimental conclusions discussed in section
2.2, the best experimental formula was identified for the above
experimental groups for subsequent patternization experi-
ments (sample 7 HTG135200 = 40.0 wt%, RM257 = 18.0 wt%,

Mater. Adv.,, 2024, 5,1930-1939 | 1933
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Fig. 6 Effect of changing the RM257 content on A/ alkalized acrylic-BP
reflection spectra (samples 8, 10, and 11).

HCMO006 = 6.0 wt%, TMPTMA = 1.5 wt%, I-651 = 1.0 wt%). The
changes in the dry film and after exposure to humidity are
investigated, as depicted in Fig. 7a.

Obvious color changes can also be observed from the physi-
cal pictures and POM images. At the same time, the film also
expanded and the surface area increased. Under the stimulation
of humidity, the POM images of the film also indicated the
redshift of the blue-phase texture. The reflection spectrum in
Fig. 7c reveals that the blue phase network within the polyacrylic
acid expands upon exposure to humidity, resulting in a redshift
of the reflection spectrum from 491 nm to approximately
542 nm and the emergence of surface folding on the film. The
results demonstrated the excellent responsiveness of the
alkalized-acrylic-BP film to external humidity stimulation, as
evidenced by the observed increase in the pitch, redshift in the
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Fig. 7 (a) The patterned physical diagram, POM image, and mechanism
diagram of the alkalized-acrylic-BP film and after humidity response. (b)
Humidity response pattern making diagram. (c) Temporal changes in the
reflection peak following film soaking.
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Fig. 8 (a) Reflection spectrum of alkalized-acrylic-BP dripped with EtOH.
(b) Reflection spectrum of alkalized-acrylic-BP dripped with H,O. (c).
Alkalized acrylic — BP dripped with mixed solutions of EtOH and H,O. (d)
Reflection spectrum of alkalized-acrylic-BP dripped with H,O within 10 s.

reflection spectrum, and alterations in the surface area. Simulta-
neously, the temporal evolution of the alkalized-acrylic-BP
reflection spectra under varying external humidity conditions
revealed a duration of approximately 10 seconds for the entire
process.

In order to further investigate the mechanism underlying
the humidity response, a series of mixed solutions with varying
mass fractions of H,O and EtOH were dripped onto alkalized
acrylic-BP, followed by an investigation into the impact of
ethanol-water mixtures on the reflective properties of alkalized
acrylic-BP. The initial reflection was around 491 nm. When
100%EtOH was dripped onto the film as shown in Fig. 8a, no
discernible shift of the reflection peak was observed, indicating
the lack of the response of the film towards EtOH. Therefore,
EtOH can serve as a contrasting solution for alkalized acrylic-BP
when dripped in combination with water. Next, mixed solutions
of EtOH and H,O with different mass fractions were dripped
onto dry alkalized acrylic-BP, respectively. The reflection peak
of the entire film gradually undergone a redshift to approxi-
mately 542 nm as the H,O content increased. By observing the
change of the reflection spectrum of the whole alkalized acrylic-
BP added with H,O within 10 s in Fig. 8d, it can be concluded
that the reflection peak changed in the process. The reflection
peak did not move directly. It first appeared in the corres-
ponding position after H,O was introduced, and then the
original reflection peak gradually disappeared. Finally, the
entire reflection peak shifted.

2.4. Deformation of films under the influence of humidity

It can be observed from the physical diagram in section 2.3 that
the film also has a deformation phenomenon while undergoing
color changes. The optimal ratio of materials was chosen from
Table 1, sample 7. Upon exposure to humidity (Fig. 9a), the
alkalized-acrylic-BP film exhibited rapid curling within 30

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Deformation process of alkalized-acrylic-BP under external
humidification conditions. (b) Alkalized acrylic-BP recovery process in a
natural environment after humidity removal. (c) The film consistently
exhibits unidirectional bending when observed closely with a finger.

seconds as external moisture levels increased. Upon removal of
the applied humidity (Fig. 9b and mov. s1, ESI{), the film
gradually reverted to its original state within 120 seconds as
moisture evaporated, with complete reversibility of surface
bending. Moreover, when the finger approached the film from
either direction, it exhibited a spontaneous curvature towards
the dropwise acrylic side (Fig. 9c and mov. s2, ESI¥).

Because the direction of acrylic water absorption expansion
was not regular, the bending direction of the entire film was
likely to be affected by acrylic acid during the preparation
process, and the film was completely swollen by acrylic acid,
after the removal of excess acrylic acid, the amount of acrylic
acid on the back of the film was more, affecting the direction of
the film bending. When in contact with H,O, the film always
bends towards the side of the drop added acrylic acid, which
may impact its bending direction. The results clearly indicated
that even a slight increase in local humidity near the film can
induce rapid bending, and the film demonstrates high sensi-
tivity to exposed human skin. Additionally, the film was affixed
to a metal wire and grounded for connectivity. The influence of
static electricity on the film was eliminated by grounding the
metal wire with a finger (Fig. S3, ESIt), indicating that the
humidity was responsible for inducing the bending of the film
rather than static electricity. Furthermore, the placement of a
film on the surface of a rubber glove did not result in any
bending, thus indicating that the temperature gradient is not
responsible for the observed bending behavior.

By making a self-made humidity chamber with small holes
(Fig. S4, ESIY), the curvature k (cm™ ") was determined following
the methodology outlined in Fig. $3, ESL{'® The quantitative
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Fig. 10 (a) Curvature change diagram of alkalized-acrylic-BP films with

different thicknesses under 70%RH difference (solid line) and the subse-
quent membrane recovery process (dotted line). (b) The difference dia-
gram of the 70 um thickness film exposed to different humidities (solid
line) and the subsequent membrane recovery process (dotted line). (c)
Curvature change diagram of 70 um films with different HTG135200
contents at 70%RH (solid line) and the subsequent membrane recovery
process (dotted line). (d) Diagram showing reversible deformation of the
film at cyclic exposure to an 80% RH difference. Humidity-induced
experiment is repeated for up to 50 cycles without noticeable fatigue.

analysis of the effects of relative humidity differences, the film
thickness, HTG135200, and film type on the bending curvature
and speed was conducted to elucidate the control mechanism
of actuation. Fig. 10b illustrates the bending behavior of
alkalized acrylic-BP films with varying thicknesses under a
relative humidity (RH) difference of 70%. Films with varying
thicknesses exhibit sensitivity to external humidity. For
instance, a film measuring 70 um in thickness demonstrated
a steady-state curvature of 2.5 cm™'. The experimental results
demonstrated that the bending speed and curvature of the film
largely depend on the film thickness. Fig. 10c illustrates the
variations in the film curvature induced by different levels of
humidity, ranging from approximately 40% to roughly 90%
relative humidity, and the film thickness measured 70 pm. As
the difference in relative humidity increased from 40% to 90%,
there was a gradual increase in the steady-state bending curva-
ture of the film. At an external relative humidity of 70%, the
film exhibited the maximum curvature. We hypothesize that
acrylic acid in the film replaces the original HTG135200 within
the blue phase network, thereby influencing the humidity
response of the film depending on its HTG135200 content.
The humidity response curvature of the film at 70%RH is
illustrated in Fig. 10c, with varying HTG135200 contents
(selected as samples 2, 4, and 9 in Table 1). The experiment
revealed that the film’s humidity response rate was most rapid
at 40% HTG135200 content, which aligns with our prior con-
jecture. The selected thickness was 70 um, and the sample
group was denoted sample 7. Under an environmental condi-
tion of 80%RH, the film’s humidity response process was
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repeated over 50 times without exhibiting noticeable fatigue
(Fig. 10d). The experimental results demonstrate the consistent
and dependable humidity response of the alkalized acrylic-BP
film, thereby highlighting its repeatability and reliability.

2.5. Comparison of the humidity response between the blue
phase liquid crystal polymer and the cholesteric phase liquid
crystal polymer films

Many literature studies have previously studied the humidity
response of CLCs,'®'”'® so experiments were conducted to
explore the difference between the humidity response of CLCs
and the humidity response of BP under similar conditions.
First, BP and CLCs with the same chiral agent content were
prepared, and the reflection peak of the samples of BP and
CLCs before IPN treatment was compared (Fig. S5, ESIt). The
reflection peak difference between BP and CLCs at the same
ratio was approximately 200 nm, while the reflection peak of
CLCs was close to the range measured by the instrument. After
subjecting to IPN treatment, the reflection peak of the CLC
sample was difficult to attain within the visible light spectrum.
Therefore, the experimental effect of alkalized acrylic-CLCs
directly prepared using the BP formula at low temperature was
not the best. By reducing the chirality content (HTG135200 =
40.0 wt%, HCMO006 = 4.5 wt%, RM257 = 18.0 wt%), the reflection
peak of CLCs before treatment was controlled between 500-
600 nm. Then IPN treatment of CLCs was carried out using the
method of BP treatment described in sections 4.5-4.7 in this
article to obtain alkalized-acrylic-CLCs, which are compared with
alkalized acrylic-BP (HTG135200 = 40.0 wt%, HCMO006 = 6.0 wt%,
RM257 = 18.0 wt%) to investigate the similarities and disparities
in their response to humidity.

The humidity response can be observed in both alkalized-
acrylic-CLCs and alkalized-acrylic-BP after IPN treatment, as
depicted in Fig. 11. Comparing the reflection images of both
samples, it was evident that the reflection peaks exhibit a
noticeable redshift, with alkalized-acrylic-CLCs displaying a
slightly greater variation in amplitude of its reflection peaks
compared to alkalized-acrylic-BP. However, the key distinction
between the two lies in the fact that alkalized-acrylic-BP exhib-
ited a bimodal distribution owing to its unique lattice structure.
In the process of humidity response, one peak of alkalized-
acrylic-BP remains stationary, while the other peak exhibits a
pronounced red shift. The alkalized-acrylic-CLCs exhibited a
single peak, which undergoes a shift upon exposure to humid-
ity. By comparing the polarizing images of both samples in
Fig. 11, it is evident that the polarizing images of alkalized-
acrylic-BP exhibit blue spots, which remain unaffected by the
humidity response. Conversely, the surrounding region under-
goes a color transition from green to red due to changes in
humidity levels, precisely corresponding to alterations in the
reflection peak. As evident from the POM images of alkalized
acrylic-CLCs, the color of the CLC polymer’s texture undergoes
changes in response to humidity; however, no blue spots
appear throughout the entire process. By comparing the SEM
images of the two surface morphologies the alkalized-acrylic-BP
exhibits a blue-phase lattice structure, and the SEM surface of
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Fig. 11 (a) Comparison of POM and reflection spectra and SEM images of
the surface morphology of alkalized-acrylic-BP before and after the
humidity response. (b) Comparison of POM, reflection spectrum and
SEM image of alkalized acrylic-CLCs before and after the humidity
response (alkalized acrylic-BP: HTG135200 = 40.0 wt%, HCM006 = 6.0
wt%, and RM257 = 18.0 wt%; alkalized-acrylic-CLCs: HTG135200 = 40.0
wt%, HCM006 = 4.5 wt%, and RM257 = 18.0 wt%).

the sample demonstrated a significantly denser morphology
with a tendency towards point-like features. In the SEM image of
alkalized acrylic CLCs, there were many stripes on the surface of
the sample, which was similar to the layer thread of the
cholesteric phase. The aforementioned evidence demonstrated
the discernible structural disparity between the two samples.

3. Conclusions

The present study introduces IPN humidity-responsive blue
phase liquid crystal polymer films (alkalized acrylic-BP) for
the first time, demonstrating their capability to exhibit both
color and deformation responses in accordance with humidity
variations. The investigation of film changes during prepara-
tion has demonstrated the successful construction of IPN
alkalized-acrylic-BP films. The effects of HTG135200, RM257
and HCMO006 on the optical reflectance of the film were
analyzed by grouping experiments, and the effects of each
factor on K,,; A/l were calculated. The variation in the RM257

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content is observed to exhibit a positive correlation with the
alteration in optical reflectance. In the actual experiment, to
enhance the humidity response performance of the film, the
optical reflection can be effectively enhanced by judiciously
adjusting the content of the RM257 crosslinker. A patterned
alkalized-acrylic-BP film was also prepared, and the response of
ethanol solution with different water contents to the film was
investigated. It has been observed that the reflection peak of the
film undergoes a continuous red shift within a certain range as
the water content increases. A quantitative analysis was con-
ducted to investigate the influence of humidity, film thickness,
and HTG135200 content on the mechanical properties of the
film. Furthermore, the polarizing images, the changes of the
SEM surface morphology and the changes of the reflection
spectra under the influence of humidity of alkalized-acrylic-BP
and alkalized-acrylic-CLCs were compared. The present study
not only offers novel insights into the underlying mechanism
driving the humidity response of IPN blue phase liquid crystal
films, but also expands the potential application prospects of
BPLC films in electronic devices and sensors. In the future,
more potential applications can be explored based on this 3D
self-assembled nanomaterial.

4. Experimental section

4.1. Materials

The nematic liquid crystal HTG135200 and chiral dopant
HCMO006 were provided by HCCH. The polymerizable liquid
crystal monomers RM257 and HCM021 were purchased from
Merck. Trimethylol propane trimethacrylate (TMPTMA) and
photoinitiator I-651 were obtained from J&K Scientific Ltd. All
solvents and chemicals were of reagent quality and can be used
without further purification. Clean slides were used to prepare
liquid crystal cells.

4.2. Characterization

The phase transition behavior of the mixture was observed
using a POM (Eclipse LV120POL, Nikon) equipped with a
precision temperature-controlled hot plate (LTS100E, Linkam).
The reflection spectrum was obtained using a fiber optic
spectrometer (Avantes, AvaSpec-2048). Fourier transform infra-
red spectra were recorded on a Varian 670 Fourier transform
infrared spectrometer with slide-in ATR (Ge), and SEM imaging
was performed at the Zeiss Field Emission scanning electron
microscope in Germany. Thermogravimetric analysis was per-
formed on the US TA TGA 550.

4.3. LCD substrate functionalization and LCD precursor
configuration

With a 70 pm plastic film serving as an interlayer, the two PVA-
functionalized glass sheets with surface treatment were stacked
and bonded together using an adhesive. The necessary materi-
als, including liquid crystal materials, a monomer, and a
photoinitiator, were accurately weighed in a specific propor-
tion. They were then placed into a test tube and mixed with 3
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mL of dichloromethane solution before being subjected to
ultrasonic treatment for 10 minutes using an ultrasonic clea-
ner. This process ensured complete dissolution of the mixture
to obtain the required liquid crystal precursor. Then put the
test tube into the vacuum drying oven (60 °C, 10 h) to let the
dichloromethane completely volatilize.

4.4. Preparation of the blue phase liquid crystal polymer film
(PS-BP)

The liquid crystal precursor was heated above the temperature
of the clear spot, and poured into the cell under the action of
capillary force. The cell was placed onto a precision
temperature-controlled hot plate. At the beginning, the tem-
perature dropped to a temperature close to that of the blue
phase at a speed of 5 °C min '. Then the temperature was
lowered to that of blue phase at 0.05 °C min'. Heating was
carried out for 10 min at a temperature 1.0 °C higher than the
phase transition temperature from BP to Ch. After the blue
phase texture was stabilized, the sample was irradiated with
365 nm ultraviolet light (a light intensity of 60 mW cm ™ ? and a
time of 480 s). Finally, the liquid crystal box was opened and the
upper glass sheet was removed to obtain PS-BP.

4.5. Preparation of the blue phase polymer network film
(soaked-BP)

After opening the cell, the PS-BP film was immersed in a
tetrahydrofuran solution for 30 minutes. After the film was
completely swollen and discolored, the small molecule liquid
crystal inside has been removed. Then remove the film and add
a small amount of anhydrous ethanol to prevent violent con-
traction and deformation caused by tetrahydrofuran volatiliza-
tion. Finally, it was dried in a vacuum drying oven (60 °C, 30
min) to obtain soaked-BP.

4.6. Preparation of the interpenetrating acrylic blue phase
polymer network film (acrylate-BP)

Firstly, acrylic acid prepolymer solution (acrylic acid : PEG-DA
600:1-651 = 98:1:1 wt%) was prepared. Soaked-BP was heated
on a precision temperature-controlled hot plate at 60 °C, and
then dripped acrylic prepolymer solution onto the film with a
glue head dropper to completely infiltrate the film and left for
10 min. After the film was completely swollen and deformed,
we removed the film from the temperature-controlled hot plate
and used a cotton swab to gently wipe off the surface of the film
and the excess acrylic prepolymer solution around it. Finally,
the sample was irradiated with 365 nm ultraviolet light (light
intensity 20 mW m™ 2, 480 s) to obtain acrylic-BP.

4.7. Preparation of alkalized interpenetrating acrylic blue
phase polymer network film (alkalized-acrylic-BP)

Firstly, 0.1 mol L™! KOH solution was prepared, and the acrylic-
BP film obtained in the previous step was soaked in 0.1 mol L™*
KOH solution for 12 h. After the film was completely removed
and curled, subsequently, it was placed in a vacuum drying
oven at 60 °C for 30 minutes. The alkalized-acrylic-BP was
ultimately obtained.
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